To develop proposals in bacterial formulations applicable to the agricultural sector, a study of physicochemical and biological parameters of the polymeric materials is essential. Here, we evaluated the effects of eight polymers on the cellular viability of Rhizobium sp. G58 during a 2-month period. From these results, we selected the three polymers that yielded the best results in respect to the survival of the bacteria. An assay of the effect of the polymers on the symbiotic activity of Rhizobium-Cowpea and the agronomic parameters was conducted under greenhouse conditions, based on the principal component analysis. A positive effect was found in Rhizobium sp. G58 using the Tukey's Test (p<0.05) with sodium alginate (0.5-1%) and hydroxypropyl methylcellulose-HPMC (0.125-0.5%), while a significant decrease was established in cellular viability using polyethylene glycol-PEG, carbomer-Carbopol 940, and polyvinyl alcohol-PVA. The multivariate analysis indicated that the application of the polymers (sodium alginate and hydroxypropyl methylcellulose) in 0.5% concentration did not have negative effects on the symbiotic fixation of nitrogen or the process of nodulation. In conclusion, our results suggest the effectiveness of these polymers and the possibility of using them as carriers of bacterial formulation without affecting physiological processes.
Introduction
The Cowpea bean is a legume of economic and food security importance in tropical and subtropical underdeveloped countries (Araméndiz-Tatis et al. 2011 , Cardona-Ayala et al. 2013 . Attempts to increase the yield of Cowpea beans in Caribbean regions have bolstered the pursuit of strategies to improve the development of the crop. A sustainable biotechnological alternative has integrated plant growth promoting rhizobacteria-PGPR, with new technologies of immobilization and efficient implementation of native rhizobia. In the roots of legumes, the symbiotic bacteria, commonly known as rhizobia, stimulate the formation of specialized structures or "nodules" in which nitrogen gas is reduced to ammonium (Sprent 2001 , Angelini et al. 2011 ) . This symbiotic process contributes between 60-80% of the biological nitrogen fixation on the planet and provides a significant portion of the nitrogen in the soil that allows leguminous plants to grow without the use of nitrogenous fertilizers, protecting the agricultural potential of soils (Vance 1998) .
Biofertilizers are available in various forms such as granules, which are applied to the soil after planting. However, large quantities of these biofertilizers are necessary for an efficient inoculation (Panter 2000 , Lupwayi et al. 2006 . Rhizobium-based biofertilizers, available in liquid form, are commonly used in South America mainly for soybeans, as liquid inoculants are more suitable for mechanical planting. On the other hand, worldwide, the use of peat as a bacterial carrier has decreased due to its fossil origin and that is extracted from a fragile natural environment. Alternative materials such as polymers are being widely studied to improve the quality and efficiency of rhizobial inoculants and to reduce production costs, as well as their impact on the environment (Albareda et al. 2008 , Fernandes Júnior et al. 2012 , Herrmann & Lesueur 2013 ).
Polymers and individual compound formulations have been assessed as innovative carriers for rhizobia (Dommergues et al. 1979 , Denardin & Freire 2000 , Deaker et al. 2007 , Tittabutr et al. 2007 , as well as related bacterial species (Bashan & Gonzalez 1999) . Therefore, new strategies to transport microorganism materials and methods for the immobilization of bacteria, when moving them to the field, are of high importance to maintain their physiological capabilities. The objectives of this investigation are to assess the effectiveness of different polymers on the rhizobial strain used in the formulation and to study the prototype formulations, under greenhouse conditions on the symbiotic activity of Rhizobium-legume as new carriers for rhizobia and their potential impact on the agricultural sector.
Materials and methods
Bacterial strain and growth conditions: Rhizobium sp. strain G58, with accession number JQ771467 was isolated from nodules of Cowpea [Vigna unguiculata (L.) Walp] in Guajira, Colombia, it was selected based on its potential as a plant growth promoting rhizobacteria-PGPR (Data unpublished). It was cryopreserved at -20 °C in 30% glycerol at the Laboratorio de Microbiología de Suelos of Corpoica and reactivated in YM culture medium (Somasegaran & Hoben 1994) . For all experiments, the strain was cultivated in an Erlenmeyer flask with YM liquid medium through a process of batch fermentation for 24 h of shaking at 150 rpm and 28 ± 2 °C.
Polymer characterization and compatibility with Rhizobium sp. G58: The following polymers were characterized by analyzing their viscosity grade, pH, and were biotechnological applications with microorganisms and selected by cost and availability ( Table 1) . The eight polymeric materials used in this research comply with the specifications set by the USP pharmacopoeia. Two were sodium alginates of low and high molecular weight (FMC Biopolymer), hydroxypropyl methylcellulose-HPMC (Colorcon®), two were polymers of polyethylene glycol-PEG of molecular weights of 4000 and 6000 respectively, polyvinyl alcohol-PVA, polyvinylpyrrolidone-PVP K15, and carbomer-carbopol 940 (Necardis SA). We standardized the culture conditions. When Rhizobium sp. G58 grew in YM medium at an OD600: 0.9 it was mixed with the polymers at three different concentrations using a sterilized disperser (Ultra turrax T25). These prototype formulations (polymers + Rhizobium sp. G58) were stored at room temperature in sterile polypropylene containers for subsequent evaluation for two months. All experiments were performed in triplicate. The effect of the formulated liquid on the bacterial viability were estimated by preparing serial dilutions in a buffer solution and plating 20 μl of each dilution on a YM solid medium. Plates were incubated under aerobic conditions at 28 ± 2 ºC for 24-48 h. Data were expressed as log CFU ml −1
. The polymers were studied with respect to their capacity rheology and importance as carriers of biological inoculants (Jung et al. 1982 , Deaker et al. 2007 , Trivedi & Pandey 2008 . Additionally, we measured (data no shown) the plant growth promoting activity [quantification of auxin (Glickmann & Dessaux 1995) and phosphate solubilization (Pikovskaya 1948) ] of the best prototypes.
Polymer film formation by using the casting technique: Of the eight polymers examined, the three with the most positive effect on cellular viability were selected ( Table 2 ). The polymer films were obtained from the dispersion of polymers (sodium alginate and hydroxypropyl methylcellulose) in distilled water under environmentally controlled conditions and mechanical agitation at 400 rpm using an RZR 2020 homogenizer (Heildoph). The polymers concentrations were 0.5%. The polymer preparation was added to 15 x 15 cm glass plates; in accordance with the casting method described by Bajdik et al. (2005) and was dried in an oven at 60 ± 5 ºC.
Determination of water vapor permeability:
The water vapor permeability values were determined using the ASTM E96-95 method (1995) . The films were placed onto glass plates and 30 mL of distilled water was added. Immediately, paraffin was added to the top border of the glass plates, which were subsequently closed. The glass plates, containing the films, were weighed and placed inside a desiccator. Permeability was determined every 12 h at room temperature and under controlled conditions of humidity. The changes in the weight of the plates were recorded over time. Tabla 1. Characterization of polymers used for Rhizobium sp. G58 immobilization. * Viscosity was measured using a viscometer (Brookfield DV-III Ultra, Brookfield Engineering Laboratories, Inc., USA) equipped with a Nº 2 needle at 25 °C with <100 rpm agitation, depending on the polymer. Swelling degree assay: The polymeric films, measuring 2 x 2 mm in diameter, were placed on previously weighed steel meshes. The water absorbed by the film was calculated every 2 minutes. The degree of swelling was determined using the following equation (Li et al. 1998) : Swelling Index (SI) = Wt -Wo/Wo, where (Wt) is the weight of the film at time t (t) and (Wo) is the weight of the film at time zero.
Greenhouse evaluation of the effect of the selected polymers on the symbiotic activity RhizobiumCowpea: The Cowpea bean is a native species of the indigenous of the Guajira-Colombia. The variety used was a black, warm-season legume called "black head" (Cruz de Carvalho et al. 1998) . The seeds were sterilized by immersing them in 70% ethanol for 30 seconds and rinsed three times with sterile distilled water.
The seeds were subsequently placed in 2% sodium hypochlorite for one minute, and rinsed 10 times with sterile distilled water, then imbibed in sterile distilled water for 1 h following the protocol established by the Laboratorio de Microbiología de Suelos of Corpoica. After germinating, 4-5 day old incubated seeds were inhibited together with the 3 polymers previously selected according to their compatibility features, at a ratio > 500 µL bacterial suspension/60g seed. Seedlings were sown in the pots in a sterile vermiculitesand ratio of 3:1(w/w). The plants were watered every two days using a hoagland nutrient solution described by Hoagland & Arnon (1950) . The formulated liquid prototypes of the best polymers (sodium alginate and hydroxypropyl methylcellulose-HPMC) were applied to a given polymer concentration of 0.5% and defined dose of inoculant/seed. Plants were allowed to grow for 60 days under greenhouse conditions at a temperature of 30 ± 2 ºC and 70% relative humidity. The nine variables evaluated were: root length, shoot length, nodule number, acetylene reduction assay-ARA, nodule biomass, root fresh weight, shoot fresh weight, root dry weight and shoot dry weight. Using XLSTAT 2012 software, we performed a principal components analysis-PCA on the variables evaluated.
Biological nitrogen fixation:
Modulated roots, previously inoculated with the formulated liquid prototypes of Rhizobium sp. G58 were placed into a 280-ml container, which was immediately sealed. A syringe was used to equalize the pressure in the container and the atmospheric pressure. Then, 10%
of the space in the container was replaced with acetylene, and the container was incubated for an hour at 30 ± 2 °C. The biological nitrogen fixation was estimated by using a Perkin Elmer gas chromatograph equipped with a flame ionization detector (FID) and a Poropak N 200/300 Mesh column measuring 6.0 ft (in diameter) by 3.0 mm in accordance with the methods described by Hardy et al. (1968) and Meghvansi et al. (2010) .
Experimental design and statistical analysis:
We applied a completely randomized design and analysis of variance using the Tukey's test (HSD) with a confidence level of 95% (α=0.05) using the SAS System for Windows 9.0. P-values of less than 0.05 were considered statistically significant.
Results
First, we biologically and physicochemically characterized the polymeric materials. The results obtained from the compatibility studies showed that polymers such as sodium alginate and HPMC supported a higher viability (p < 0.05) in the Rhizobium sp. G58 compared to the control, in the three evaluated concentrations (Figure 1e and f) .
The polymers that negatively affected cellular viability at the highest concentration were the following: PEG2 > PEG1 > PVA > Carbomer ( Figure  1a and b) . The rhizobial strain, which was treated with polyethylene glycol (PEG) polymers of different molecular weights, showed a loss of viability during the 2-month evaluation at all concentrations assayed (p > 0.05). The control showed a better response, compared to the polyethylene glycol treatments (Figure 1a and b) .
Based on the results of the compatibility studies, we selected the sodium alginate and hydroxypropyl methylcellulose polymers. Then, we evaluated additional physical properties, namely, swelling, permeability, and film formation, to allow the effective analysis of the polymers when they were applied directly to the plants (Table 2 ). This evaluation is vital; it allows us to analyze the release of active compounds in the polymeric matrix and to correlate the release efficiency with bacterial deposition in soil conditions. 
www.javeriana.edu.co/scientiarum/web Effects of polymers in the Rhizobium-Cowpea interaction Universitas Scientiarum Vol. 19 (3): 265-275
The results obtained in the film formation test demonstrated the polymeric film formation using a casting method (Table 2) . These polymers had presented these characteristics, previously, in the concentrations selected. These characteristics enable the retention of the active ingredient (microorganism) in its matrix for a gradual release. In the permeability assay, the results demonstrated that the polymers exhibited water vapor permeability (Table 2) . However, the sodium alginate films showed the highest permeation capacity, followed by the HPMC films.
We also analyzed the maximum water content that the polymeric materials could retain before disintegration. The data demonstrated uniformity in the swelling process during the evaluation period. In terms of film swelling speed (retained water without the loss of its initial shape), after 4 minutes, the weight-gain curve decreased significantly, and the films reached their water retention limit and were saturated. However, observation of this limit was impossible for most of the films as most of them lost their integrity during the evaluation, probably because of insufficient thickness.
The effect of polymers on the biological activity of the bacteria in the Cowpeas was analyzed by using principal component multivariate analysis (Figure 2 a, b, c) . Of this variation, 48.28% could be explained by the first principal component (PC1), 26.21% by the second principal component (PC2), and 15.46% by the third principal component (PC3) ( Table 3 ). The information contained in the nine original response variables could be reduced to three that provided most of the experimental information. The factor loading analysis obtained from the principal component analysis (PCA) demonstrated the influence of each variable on the principal components. This analysis revealed the association of PC1 with the establishment of the symbiosis between the Rhizobium sp. G58 strain and the Cowpea plant. PC2 was associated primarily with the plant size, and PC3 was associated with the nutrient translocation in the plant. Pearson's correlation coefficient for highly weighted variables with high factor loading under principal component (Table 3 ).
The contribution of each component in the multivariate model of the principal components is described in Figure 2 . The use of alginate and HPMC treatments produced an increase in the symbiosis between the bacteria and the plant, illustrated by the PC1 on the positive side of the axis. Regarding PC2, treatments that fall towards the negative side of the axis show a decrease in plant size. For PC3, treatments positioned towards the positive side of the axis imply that there is a higher nutrient translocation from the roots to the shoot length of the plant (Figure 2 ).
The sodium alginate 1 (followed by HPMC and sodium alginate 2, in this order) was effective at stimulating nitrogen biological fixation and transporting assimilates to the rest of the plant; this is associated with an increase in the dry biomass and an increase in the shoot length of the plant (Figure 2 the symbiosis without affecting plant growth is YM with sodium alginate 1 ( Figure 2) ; this also favors nutrient translocation. The results from the YM with sodium alginate 1 treatment fell in quadrant I of the plane, which, according to the factorial loading analysis, show higher biological activity. The two treatments with YM sodium alginate produced good nodulation, but a negative effect on plant growth, possibly related to the viscosity. As a result, we can infer that the polymer interferes with the uptake of some essential minerals necessary for physiological processes; therefore, the polymer interferes with nutrient translocation; this partially confirms our hypothesis (Figure 2 ).
Discussion
The compatibility studies yielded results about the polymers that disagree with the ones reported by Tittabutr et al. (2007) in which the use of polymers at percentages < 0.5% led to a reduction in the cell viability of rhizobia strains. In contrast, Bashan et al. (2002) demonstrated benefits of alginates to immobilize plant growth promoting bacteria (PGPB) and its benefits to agriculture, highlighting it as one the most compatible polymers with this bacteria, with the ability to protect them against adverse environmental conditions (Yabur et al. 2007 ). The alginates used in our study (sodium alginate 1 and 2) markedly differ in terms of the block conformation of their chemical structures (Zimmermann et al. 2007 ) ( Figure 1e and f) ; however, this effect depended on the type of bacterial species assessed. Therefore, prior to polymer utilization, it is important to perform a physicochemical characterization to obtain information that contributes to the correct use of these materials and their compatibility with PGPR.
Because of its rheological properties, one of the polymers used was HPMC; this polymer is a semisynthetic cellulose-derived polymer containing methyl and hydroxypropyl groups and is used for the controlled release of different active principles (Kiil & Dam-Johansen 2003) . This polymer is an efficient bacterial carrier for longer periods and acts as a stabilizing agent in suspension (Ansel et al. 2004) . Therefore, results were favorable for this polymer in Rhizobium sp. G58. These results are similar to the reports by Fernandes Júnior et al. (2012) , in which they employed a cellulose named carboxymethylcellulose-CMC to seeds that were previously inoculated with rhizobia.
The use of polyethylene glycol yielded similar results to those obtained by Denardin & Freire (2000) , who observed a reduction in the posterior viability of Bradyrhizobium elkanii strains using PEG polymers, in contrast to results by Tittabutr et al. (2007) . Zahran & Sprent (1986) stated that PEG interfered with the process of infection in the root hairs of the bean plant Vicia faba L and inhibited plant nodules numbers by 50%.
The ability to form a polymeric film was assessed using the physicochemical properties of the polymers; the results obtained demonstrated that the evaluated polymers (sodium alginate and HPMC) have this characteristic. This method demonstrates the ability of the polymer to integrate different active compounds of pharmaceutical interest into its matrix and the biotechnological applications of their controlled release (Perioli et al. 2004 , Trivedy & Pandey 2008 . The polymers used at these concentrations exhibited these integrative and release properties, which may protect the microorganism and gradually release it under certain conditions. Moreover, this characteristic was supported by the evaluation of the swelling capacity and the disintegration of the polymer in a buffer solution with a pH similar to the soil where this microorganism was isolated.
Additionally, the permeability assay revealed the efficiency of the polymers to transport water vapor through their structures (Perioli et al. 2004) . The values obtained are similar to those reported for polymeric membrane permeability (Fulzele et al. 2002 , Akgharia et al. 2006 , Villalobos et al. 2006 , Aungsupravate et al. 2008 ). This information may be useful for future formulations of the controlled release of active compounds (Perioli et al. 2004) , in this case, it would permit a gradual release of the microorganism, dependent on its level of permeability.
Finally, the swelling capacity of a polymeric film depends on the balance between the net hydrophilic groups, which stabilize the low-molecular-weight liquids in the pores of the structure, and the electrostatic force that counter increases in volume. HPMC showed the highest water retaining ability, possibly because it contains more hydrophilic substituents (Perioli et al. 2004) , followed by the alginates because of their capacity to form a weak gel with a lower degree of crosslinking and a lower water-retaining capacity (Lieberman & Lachman 1982) .
The evaluations of the interaction of the sodium alginate polymers and HPMC with Rhizobium sp. G58 presented a good symbiosis in the plant (Figure 2 ) for which these polymers had no biological incidence, and they did not influence any structural property in this process. Thus, the symbiosis was not interrupted despite the presence of these materials. The previous may be attributed to accelerated metabolic activities involved in the nodulation process, which requires the expression of specific nodulation genes (nod), leading to the synthesis of signaling molecules that induce nodule morphogenesis and the nutrient accumulation necessary for those processes (Zimmermann et al. 2007 ).
The principal component, PC3, showed nutrient transport without effects on the evaluated polymers (Figure 2 ). For this reason, when the rhizobia fix the nitrogen in the atmosphere in the root through the nodules, which transfer assimilates to the whole plant affecting plant growth and accumulates nutrients that are subsequently transported to the rest of the plant (Hirsch et al. 2001) . The results obtained for sodium alginate 1, may have been superior due to the concentration and type of polymer. These properties were attributed to the structure of the alginate polymer and its low viscosity (Zimmermann et al. 2007) . In contrast, the more rigid structure and the high viscosity of the sodium alginate 2 polymers may have influenced the response (Zimmermann et al. 2007 ). Rawsthorne & Summerfield (1984) obtained similar results in studies that showed an increased nitrogen fixation and higher nodule dry weights using alginate gel compared to controls.
Conclusion
Currently, the application of polymers in bacterial formulation is considered to be of high importance as an innovative technological strategy to maintain the metabolic stability of microorganisms. The data demonstrate that sodium alginate and HPMC were the most effective in improving the viability of the Rhizobium sp. G58 without affecting the bacterial physiology. The results showed that under greenhouse conditions, optimal symbiosis was established between the bacteria and the Cowpea plant [Vigna unguiculata (L.) Walp], contributing effectively to nodulation without affecting other physiological processes. Based on this, new challenges may arise to evaluate the compatibility of the sodium alginate and HPMC, as well as new methods of the controlled release of these polymeric materials with other rhizobial strains and legume crops in Colombia.
